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Summary
Nicotinic (cholinergic) neurotransmission plays a crit-
ical role in the vertebrate nervous system, underlies
nicotine addiction, and nicotinic receptor dysfunction
leads to neurological disorders. The C. elegans neu-
romuscular junction (NMJ) shares many characteris-
tics with neuronal synapses, including multiple classes
of postsynaptic currents. Here, we identify two genes
required for the major excitatory current found at the
C. elegans NMJ: acr-16, which encodes a nicotinic
AChR subunit homologous to the vertebrate 7 sub-
unit, and cam-1, which encodes a Ror receptor tyro-
sine kinase. acr-16 mutants lack fast cholinergic cur-
rent at the NMJ and exhibit synthetic behavioral
deficits with other known AChR mutants. In cam-1
mutants, ACR-16 is mislocalized and ACR-16-depen-
dent currents are disrupted. The postsynaptic deficit
in cam-1 mutants is accompanied by alterations in the
distribution of cholinergic vesicles and associated
synaptic proteins. We hypothesize that CAM-1 con-
tributes to the localization or stabilization of postsyn-
aptic ACR-16 receptors and presynaptic release sites.
Introduction
Synaptic communication requires that neurotransmitter
receptors be delivered to the postsynaptic membrane
and localized with respect to presynaptic release sites.
Most neurons express multiple classes of receptors
that are activated by the same neurotransmitter, and
these classes can be distinguished by pharmacological
or molecular criteria. Typically, these receptor classes
appear independently regulated and often are segre-
gated to specific synaptic locations. For example, the
various subclasses of ionotropic glutamate receptors
are arranged in specific domains at the synapse, with
AMPA receptors most closely apposed to presynaptic
release sites, and NMDA receptors in a more perisynap-
tic distribution (van Zundert et al., 2004). Similarly, neu-
ronal acetylcholine receptors (AChRs) are differentially
localized at synapses (Gotti and Clementi, 2004; Huh
and Fuhrer, 2002). However, for the most part, we have
not yet identified the molecular machinery that is re-
quired for the assembly, localization, and maintenance
of neuronal AChRs.
Signals for the maturation and stabilization of the
postsynaptic receptor field have been well charac-
terized in some specialized cases (Sanes and Licht-*Correspondence: maricq@biology.utah.eduman, 2001). For example, at the mammalian NMJ, acti-
vation of the receptor tyrosine kinase (RTK) MuSK
(muscle-specific kinase) by agrin initiates a signaling
cascade that ultimately results in clustering of postsyn-
aptic AChRs and stabilization of the pre- and postsyn-
aptic specializations (DeChiara et al., 1996; Lin et al.,
2001). At neuronal glutamatergic synapses, the RTK
EphB2 colocalizes with the NMDA subtype of iono-
tropic glutamate receptors (iGluRs) (Torres et al., 1998)
and activation of EphBs by ephrinB leads to clustering
of NMDA receptors, increases the abundance of mark-
ers for pre- and postsynaptic specializations (Dalva et
al., 2000), and is required for long-term potentiation
(Henderson et al., 2001). Interestingly, some functions
of EphB2 at these synapses do not require kinase activ-
ity (Grunwald et al., 2001).
Ror RTKs are attractive candidates for mediating sig-
naling at nascent synapses. Rors are orphan RTKs that
contain multiple conserved extracellular protein-protein
interaction motifs, including an immunoglobulin-like (Ig)
domain, a cysteine-rich Frizzled domain, and a mem-
brane proximal kringle domain (Masiakowski and Car-
roll, 1992). Moreover, Ror kinases are widely expressed
in the nervous systems of a variety of organisms, in-
cluding Aplysia, C. elegans, Drosophila, mouse, and
humans, suggesting conserved functions (Forrester,
2002). Interestingly, mouse Rors are localized to the
distal tips of growth cones in cultured hippocampal
neurons, perhaps implicating these proteins in synaptic
development (Paganoni and Ferreira, 2003). However,
identifying precise functional roles for Ror kinases in
the mammalian nervous system has proven difficult.
While knockout studies of each of the mouse Ror ki-
nase genes have proven invaluable in identifying non-
neural functions for these widely expressed molecules
(e.g., in heart and skeletal development), the fact that
homozygous mRor1 and/or mRor2 knockout mice die
soon after birth has prevented detailed analysis of their
roles in the nervous system (DeChiara et al., 2000; Nomi
et al., 2001; Takeuchi et al., 2000). In contrast, muta-
tions in the C. elegans Ror kinase gene cam-1 are not
lethal (Forrester et al., 1999; Koga et al., 1999). In these
studies, cam-1 mutants were reported to have variable
defects in locomotion—a phenotype that is often diag-
nostic of altered synaptic transmission in C. elegans.
Given the established roles of RTKs in directing synap-
tic development, we hypothesized that CAM-1 may also
function as a regulator of synaptic signaling in C. elegans.
CAM-1 is expressed in C. elegans neurons and
muscles (Forrester et al., 1999; Koga et al., 1999), and
the NMJ in C. elegans is amenable to both electrophys-
iological and genetic analysis. The muscle postsynap-
tic membrane contains at least three distinct classes
of postsynaptic receptors: a single subtype of GABA
receptor and at least two subtypes of AChRs (Bamber
et al., 1999; Fleming et al., 1997; Richmond and Jorgen-
sen, 1999). This diversity of receptors at the postsynap-
tic membrane is reminiscent of the multiple subtypes
of neuronal nicotinic receptors found at vertebrate neu-
ronal synapses (Huh and Fuhrer, 2002). Two ACh-gated
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tivity to the cholinergic agonists levamisole and nico-
tine and by their markedly different kinetics of desensi-
tization (Richmond and Jorgensen, 1999). The molecular
constituents of levamisole receptors have been well
characterized, and mutations of the genes contributing
to the levamisole receptor complex (unc-38, unc-63,
unc-29, and lev-1) (Culetto et al., 2004; Fleming et al.,
1997; Jones and Sattelle, 2004) result in uncoordinated
movement. In contrast, the molecular basis for nico-
tine-activated postsynaptic currents has remained
elusive.
Using RNAi to screen for enhancers of the uncoordi-
nated movement exhibited by worms lacking functional
levamisole receptors, we identified the acr-16 gene.
The nicotine-dependent current is nearly eliminated in
acr-16 mutants, and unc-29;acr-16 double mutants ex-
hibit a near-total loss of cholinergic synaptic current.
We found that CAM-1 was specifically required for the
nicotine component of the cholinergic current. The dis-
tribution of ACR-16 is altered in cam-1 mutants, with
an accumulation of receptors apparent in the muscle
arms that suggests a failure of membrane delivery or
stabilization of surface receptors. In addition to the
ACR-16 defects, we found that the distribution of cho-
linergic synaptic vesicles and the SYD-2 presynaptic
marker were altered in cam-1 mutants. Thus, CAM-1
has critical roles in the establishment of functional cho-
linergic synapses.
Results
RNAi of ACR-16 Produces a Synthetic
FParalysis Phenotype
MLevamisole-gated currents are eliminated in unc-29 or
(unc-38 mutants, yet these mutants, while uncoordi-
enated, can move effectively, presumably due to the re-
s
maining nicotine-gated currents. We reasoned that (
blocking the remaining cholinergic current in these mu- t
tants would result in paralysis. To test this hypothesis, f
dwe treated wild-type and unc-29 mutants with dihydro-
β-erythroidine (DHβE), a selective antagonist of the nic-
otine-gated current (Richmond and Jorgensen, 1999).
The movement of wild-type worms was not obviously f
sdisrupted by DHβE (data not shown). In contrast, within
1 hr of exposure to 650 M DHβE, unc-29 mutants dra- s
tmatically slowed their movement and were generally
unresponsive (data not shown). These data indicate s
ithat identifying genes important for the nicotinic com-
ponent of current should be facilitated in a genetic w
wbackground lacking functional levamisole receptors
(e.g., unc-29 or unc-38 mutants). Accordingly, we used 2
mthe thrashing assay (see Experimental Procedures) to
test whether RNAi knockdown of candidate AChR sub- t
unit expression produced synthetic uncoordinated
movement in levamisole receptor mutants. While we g
qdid not observe obvious effects of RNAi on wild-type
worms (Figure S1 in the Supplemental Data available b
rwith this article online), we found that RNAi target-
ing several genes encoding candidate AChR subunits c
scaused a significant change in the thrashing behavior
of unc-38 or unc-29 mutants, with the most severe ef- T
dfect observed after acr-16 RNAi. Thus, levamisole re-
ceptor mutants had moderate to mild movement de-ects, whereas acr-16 RNAi of these mutants caused
evere movement defects (Figure 1A and data not
hown). To better study the function of ACR-16, we ob-
ained an available deletion mutation [acr-16(ok789);
ee Experimental Procedures], that is predicted to elim-
nate all ACR-16 function (Figure S2). acr-16 mutants
ere not obviously impaired in locomotion. However,
e observed a strong synthetic phenotype in unc-
9;acr-16 double mutants, which were far more move-
ent impaired than either unc-29 or acr-16 single mu-
ants (Figure 1B).
acr-16 (previously called Ce21) encodes an ACh-
ated ion channel subunit (Ballivet et al., 1996). The se-
uence of acr-16 shares greatest identity with verte-
rate α7 nicotinic receptors (Figure S2), and currents
ecorded from Xenopus oocytes that express acr-16
RNA have many of the characteristic features ob-
erved in α7-mediated currents (Ballivet et al., 1996).
o test whether the behavioral defects of unc-29;acr-16
ouble mutants were caused by impaired neuromuscu-igure 1. Disruption of ACR-16 Produces Synthetic Uncoordinated
ovement in Levamisole Receptor Mutants
A) Average thrashing rate (±SEM) of unc-38 mutants treated with
ither empty vector or by RNAi targeting of various putative AChR
ubunits.
B) Frames show worm movement on an agar plate during a 15 s
ime interval. For each genotype, the path of worm movement is
rom right to left. Note the body posture of the worms and the
istance traveled during the 15 s interval.lar transmission, we used the myo-3 muscle-specific
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double mutants (Figure S3B). Expression of ACR-16 in
muscle clearly restored movement to unc-29;acr-16
double mutants; thus, rescued double mutants were in-
distinguishable from unc-29 mutants (Figure 1B).
ACR-16 Is an Essential Component of Nicotine-
Gated AChRs in Body Wall Muscles
To determine whether native ACR-16 was expressed in
muscle cells, we used upstream regulatory regions of
the acr-16 gene to direct expression of green fluores-
cent protein (GFP) in transgenic worms (Figure S3A).
We found strong GFP expression in muscle cells, as
well as in a subset of neurons (Figure 2A). To assess
the subcellular distribution of ACR-16 in muscle cells,
we generated a full-length functional fusion protein be-
tween ACR-16 and GFP (Figure S3C) and expressed
this fusion protein in the muscles of transgenic worms
using the myo-3 muscle-specific promoter (Okkema et
al., 1993). In C. elegans, specialized regions of the mus-
cle membrane, called muscle arms, make synaptic con-
tact with motor neuron processes located in the ventral
cord (Chalfie and White, 1988). We found that the GFP
fluorescence in transgenic worms that expressed
Pmyo-3::ACR-16::GFP was concentrated at the tips of
muscle arms along the ventral cord (Figure 2B), consis-
tent with ACR-16’s proposed role in neuromuscular
synaptic communication.
Our behavioral and imaging data strongly suggest
that ACR-16 contributes to the nicotine-gated current
at the NMJ. To directly address this question, we un-
dertook an in vivo electrophysiological analysis of li-
gand-gated currents from muscle cells using standard
patch-clamp techniques (see Experimental Proce-
dures). In response to pressure application of ACh to
wild-type muscles, we recorded a rapidly activating
current, which then partially inactivated in the contin-
ued presence of ACh (Figure 2C). The ACh-gated cur-
rent had two pharmacologically distinct components: aFigure 2. ACR-16 Is Expressed in Muscle
and Is Required for Nicotine-Gated Currents
(A) Image of body wall muscles and the ven-
tral nerve cord of a transgenic worm that ex-
pressed Pacr-16::GFP.
(B) Image of muscle arms of a transgenic
worm that expressed Pmyo-3::ACR-16::GFP.
(C–G) Current records from voltage-clamped
body wall muscle cells. (C–E) Current re-
sponses of wild-type worms (C), acr-16(ok789)
mutants (D), and unc-29(x29) mutants (E) to
pressure application of ACh, levamisole, or
nicotine. Rescue refers to transgenic acr-16
mutants that expressed Pmyo-3::ACR-16.
(F) Current response of unc-29(x29);acr-
16(ok789) double mutant to pressure ap-
plication of ACh. All drugs were used at a
concentration of 100 M. (G) Nerve-evoked
current responses of wild-type, unc-29(x29),
acr-16(ok789) or unc-29(x29);acr-16(ok789)
worms.slowly desensitizing current that was elicited by levami-sole application and a rapidly inactivating current that
was elicited by nicotine application (Figure 2C). We
could also record nerve-evoked currents by briefly de-
polarizing the ventral nerve cord. This stimulation elicits
rapid and reproducible postsynaptic currents in the C.
elegans body wall muscle (Richmond et al., 1999).
Using this technique, we measured robust, rapid nerve-
evoked postsynaptic currents in wild-type worms (Fig-
ure 2G).
In contrast to the currents observed in wild-type
worms, we observed only a slow current in response to
either ACh or levamisole application in acr-16 mutants.
The magnitude of this slow current was the same as
that observed in wild-type worms. The fast nicotine-
evoked current was almost completely abolished, and
the nerve-evoked current was small and slow (Figures
2D and 2G). The nicotine-gated current was restored in
transgenic acr-16 mutants in which the myo-3 promoter
was used to express ACR-16 in muscle cells (Figure
2D). Complementary defects were seen in unc-29 mu-
tants. Thus, we observed only a fast current in re-
sponse to either ACh or nicotine application. The mag-
nitude of this fast component current was similar to
that observed in wild-type worms. The slow levamisole-
evoked current was completely abolished, and the
nerve-evoked current was fast and somewhat smaller
(Figures 2E and 2G). These results indicate that ACR-
16 is absolutely required for nicotine-gated currents at
the C. elegans NMJ. Thus, the acetylcholine-gated cur-
rent at the NMJ can be neatly divided into an ACR-
16-dependent nicotine-gated current and an UNC-29-
dependent levamisole-gated current. In support of this
model, all ACh-gated current is eliminated in unc-
29;acr-16 double mutants (Figure 2F).
The Receptor Tyrosine Kinase CAM-1
Is Expressed at Synapses
At the vertebrate neuromuscular junction, the receptor
tyrosine kinase MuSK has key roles in the clustering
and anchoring of AChRs (Huh and Fuhrer, 2002). In
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pto MuSK is CAM-1, a Ror family receptor tyrosine ki-
nase (Forrester et al., 1999; Koga et al., 1999). Because p
rcam-1 mutants have been described as uncoordinated,
we reasoned that CAM-1 might have a role in the devel- 1
bopment or function of cholinergic synapses. Using
standard techniques (see Experimental Procedures), s
lwe isolated a strain that contained a Tc1 transposon
inserted in the 3# untranslated region of the cam-1 gene s
t(Figure S4). We then identified a chromosomal deletion
caused by imprecise excision of the Tc1 transposable 1
element. The deletion removes 1885 bp of chromo-
somal DNA, and the truncated gene is predicted to en- 1
icode a protein lacking the C-terminal 565 amino acids,
including those forming the majority of the kringle do- s
tmain (66 of 76 amino acids), transmembrane domain,
intracellular kinase and serine/threonine-rich domains n
c(Figure S4). Thus, the cam-1(ak37) allele is likely to be
a null. cam-1(ak37) mutants have phenotypes similar to g
awhat has been previously described for the cam-
1(gm122) allele, including uncoordinated locomotion m
m(Forrester and Garriga, 1997). In contrast, the cam-
1(ks52) allele (Koga et al., 1999), a deletion mutation
that eliminates sequence encoding the kinase domain P
of CAM-1, but leaves intact the extracellular and trans- i
membrane domains, has obviously less severe effects W
on worm locomotion (data not shown). To study the o
synaptic distribution of CAM-1, we engineered GFP in- C
frame into the 3# end of the cam-1 coding sequence. 4
This construct fully rescued cam-1 mutants (Figure S4). h
c
wCAM-1 Is Localized to Neuromuscular Synapses
pExpression of CAM-1 begins at the 200 cell stage of
tthe embryo and continues throughout adulthood (For-
Arester et al., 1999). We examined the expression of
eCAM-1::GFP in cam-1(ak37) mutants and found that
cCAM-1 was widely distributed in the nervous system
cand in body wall muscles. A punctate distribution of
cfluorescence was detected in many neuronal pro-
Wcesses, particularly in the neurites of the nerve ring and
pventral nerve cord (Figures 3A and 3B). Localization of
2CAM-1 to neuronal processes occurred normally in
gunc-104(e1265) kinesin mutants (data not shown), indi-
rcating that neuron-derived CAM-1 is not likely to be an
dintegral component of synaptic vesicles. To determine
4whether CAM-1 is expressed in motor neurons, we gen-
eerated transgenic strains expressing CAM-1::YFP to-
pgether with a transgene encoding CFP fused to the
hunc-4 promoter, which drives expression in a subset of
icholinergic motor neurons (Miller and Niemeyer, 1995).
We found that CAM-1::YFP fluorescence could be de-
tected in cholinergic motor neuron cell bodies and pro- N
icesses, typically outlining cell bodies in a manner con-
sistent with localization to the cell membrane (Figure T
C3C). In order to determine if CAM-1 expression in neu-
ronal processes was associated with synapses, we f
sgenerated a transgenic strain expressing both CAM-
1::YFP and the synaptic vesicle marker SNB-1 fused to u
gCFP (Nonet, 1999). By using the acr-2 promoter to drive
expression of SNB-1::CFP in cholinergic VA and VB g
amotor neurons (Nurrish et al., 1999), we found that
CAM-1::YFP expression in cholinergic motor neurons r
awas, in general, more diffuse than that of SNB-1::CFPFigure 3D). However, for regions in which punctate ex-
ression of CAM-1::YFP was detected, these puncta
artially colocalized with SNB-1::CFP puncta (white ar-
owheads). Interestingly, we were able to identify SNB-
::CFP puncta that did not appear to be accompanied
y an obvious area of increased CAM-1::YFP expres-
ion (blue arrowheads), suggesting that CAM-1 may be
ocalized to a subset of cholinergic synapses. Occa-
ionally, we also observed smaller CAM-1::YFP puncta
hat did not appear to be associated with obvious SNB-
::CFP puncta (purple arrowheads).
In agreement with a previous study (Forrester et al.,
999), we observed diffuse CAM-1::GFP fluorescence
n muscle cells. However, we also noted intense and
omewhat punctate expression at the distal endings of
he muscle arms where the muscle contacts the ventral
erve cord (Figures 3E and 3F). CAM-1::GFP fluores-
ence typically outlined muscle arms and exhibited a
radient of increasing expression as the muscle arm
pproached the ventral nerve cord, suggesting that
uscle-derived CAM-1 is normally localized to neuro-
uscular synapses (Figure 3F).
ostsynaptic ACR-16 Receptors Are Mislocalized
n cam-1 Mutants
e did not detect obvious differences in the morphol-
gy of cam-1(ak37) body wall muscles, indicating that
AM-1 is not required for muscle arm outgrowth (Figure
A). Because previous studies of vertebrate synapses
ave demonstrated roles for RTKs in regulating the
lustering of postsynaptic receptors, we tested
hether CAM-1 was required for the localization of
ostsynaptic receptors for GABA (UNC-49::GFP) and
he levamisole-gated or nicotine-gated subtypes of
ChR (UNC-29::GFP or ACR-16::GFP). In wild-type worms
xpressing any of these markers, fluorescent puncta
an be observed along the length of the ventral nerve
ord (Figure 4B)—these puncta likely represent synapti-
ally localized receptors (Gally and Bessereau, 2003).
e did not observe obvious differences in the ex-
ression or localization of either UNC-49::GFP or UNC-
9::GFP fluorescent puncta in cam-1 mutants, sug-
esting that the localization of postsynaptic GABA
eceptors and UNC-29-containing AChRs is not depen-
ent upon the presence of functional CAM-1 (Figure
B). In contrast, the distribution of ACR-16 was mark-
dly altered in cam-1 mutants, suggesting that ACR-16
ostsynaptic currents may require CAM-1. To test this
ypothesis, we examined muscle ACh-gated currents
n cam-1 mutants.
icotine-Gated ACh-Gated Currents Are Reduced
n cam-1 Mutants
wo components of ACh-activated currents at the
. elegans NMJ can be distinguished by their dif-
erential activation by the cholinergic agonists levami-
ole and nicotine (Richmond and Jorgensen, 1999).
nc-29 encodes an essential subunit of levamisole-
ated AChRs (Fleming et al., 1997; Richmond and Jor-
ensen, 1999), and as we have shown, acr-16 encodes
n essential subunit of a nicotine-gated receptor. To di-
ectly assess surface expression of functional postsyn-
ptic receptors in cam-1 mutants, we applied exoge-
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585Figure 3. CAM-1 Is Expressed in Both Neu-
rons and Muscles
(A) Schematic diagram of a worm. (B) Confo-
cal image of head region (boxed area in [A])
from a transgenic worm that expressed
CAM-1::GFP. Indicated are the nerve ring
(blue arrowhead), neuronal cell bodies (white
arrowhead), and ventral nerve cord (arrow).
(C) Confocal images of a transgenic L4 worm
expressing CAM-1::YFP (red, upper) and
unc-4::CFP (green, middle); merged image,
lower. (D) Confocal images of the ventral
nerve cord of a transgenic adult worm ex-
pressing CAM-1::YFP (red, top) and acr-
2::SNB-1::CFP (middle, green); merged im-
age, bottom. Arrowheads denote areas of
punctate fluorescence. CAM-1 and SNB-1
were colocalized at most puncta (white ar-
rowheads). However, SNB-1 puncta without
accompanying CAM-1 puncta (blue arrow-
heads) and CAM-1 puncta without accompa-
nying SNB-1 puncta (purple arrowhead) were
infrequently observed. (E) Schematic dia-
gram of a worm showing the region (box)
represented in the confocal image of a trans-
genic worm expressing CAM-1::GFP (F). The
worm has been rolled 90° from the position
depicted in (A) to visualize the ventral nerve
cord and NMJ regions more clearly. Intense
CAM-1::GFP fluorescence (arrows) is observed at the distal extent of muscle arms at points of contact with the ventral nerve cord (mu,
muscle; v, vulva). The red line in (A) and (E) represents the ventral nerve cord.nous neurotransmitter (ACh or GABA) to body wall
muscles in whole-cell patch-clamp electrophysiology
experiments (Figures 4C–4F). Postsynaptic responses
to pressure application of ACh were substantially re-
duced in either cam-1(ak37) or cam-1(gm122) mutants
(Figures 4C, 4E, and Figure S5). In contrast, the ampli-
tude of ACh-gated (data not shown) or nicotine-gated
currents was not dramatically reduced in a weaker al-
lele, cam-1(ks52), which contains a mutation that is
predicted to specifically disrupt the tyrosine kinase do-
main (Figure S5). The diminished currents were rescued
in transgenic cam-1(ak37) mutants that expressed
CAM-1::GFP (Figure 4C). Postsynaptic responses to ex-
ogenous application of GABA were unaffected by the
cam-1(ak37) mutation (Figures 4D and 4E). Interest-
ingly, the amplitude of levamisole-gated AChR currents
also appeared normal in cam-1(ak37) mutants, sug-
gesting that mutations in cam-1 specifically affect nico-
tine-gated AChRs (Figures 4D and 4E). To test this hy-
pothesis, we measured postsynaptic currents activated
by nicotine. We found that the average amplitude of
nicotine-activated currents was dramatically reduced in
cam-1(ak37) mutants (Figures 4D and 4E), demonstrat-
ing that CAM-1 is required for ACR-16-mediated post-
synaptic currents. Moreover, drug-evoked currents re-
corded from cam-1;acr-16 double mutants are identical
to those recorded from acr-16 single mutants (Figure
4F). This lack of additivity indicates that CAM-1 and
ACR-16 function in the same, rather than parallel, sig-
naling pathways.
Synaptic Transmission at the NMJ Is Impaired
in cam-1 Mutants
To determine if the decreased responsiveness of cam-1
mutants to pressure application of ACh was paralleledby reduced sensitivity to synaptic release of ACh, we
measured current responses to electrical stimulation of
the ventral nerve cord as well as endogenous and
spontaneous synaptic activity. At the C. elegans NMJ,
synaptic activity reflects release of both ACh and GABA
(Richmond and Jorgensen, 1999), potentially compli-
cating experimental analysis. Therefore, in order to iso-
late cholinergic currents, we established ionic condi-
tions under which the contribution of GABA-activated
Cl− currents would be minimized (see Experimental
Procedures). We verified that our conditions isolated
cholinergic synaptic activity by examining endogenous
event frequency in the presence of d-tubocurare (cu-
rare), an inhibitor of cholinergic receptors. When the re-
cording pipette was filled with a solution containing 115
mM Cl– (high Cl–), we detected both GABA-mediated
and ACh-mediated endogenous synaptic events, as ev-
idenced by the fact that application of curare (0.5 mM)
inhibited approximately 50% of the endogenous synap-
tic activity (Figure 5A, upper). In contrast, when a low
Cl– (25 mM) solution was included in the recording pi-
pette, all synaptic activity was completely and revers-
ibly blocked by curare (Figure 5A, lower), indicating
that, under these ionic conditions, the observed synap-
tic current reflects solely the activation of postsynaptic
AChRs by synaptic release of ACh. We used these con-
ditions (low Cl−) for all of our subsequent analyses, un-
less otherwise noted.
The average amplitudes of both endogenous (1 mM
Ca2+) (Figures 5B1 and 5B2) and spontaneous (nomi-
nally Ca2+-free) (Figures 5C1 and 5C2) synaptic events
were significantly reduced in cam-1 and acr-16 mu-
tants. We also noted an altered distribution of event
amplitudes (10–100 pA) in cam-1(ak37) and acr-16 mu-
tants (Figures 5B3 and 5C3). Interestingly, the reduction
Neuron
586Figure 4. The Nicotine-Gated Current Is Selectively Disrupted in cam-1(ak37) Mutants
(A) Confocal images of the body wall muscles of wild-type worms (left) and cam-1 mutants (right) that overexpressed UNC-49::GFP.
(B) Images of the ventral nerve cords of wild-type worms (left) and cam-1 mutants (right) that expressed the postsynaptic markers UNC-
49::GFP (GABAR, upper), UNC-29::GFP (UNC-29, middle), and ACR-16::GFP (ACR-16, lower).
(C and D) Voltage-clamp current records from body wall muscle cells. (C) Current responses from muscles of wild-type, cam-1(ak37), and
transgenic cam-1(ak37) worms that expressed CAM-1::GFP to pressure application of ACh. (D) GABA, levamisole, and nicotine-gated currents
in wild-type worms and cam-1(ak37) mutants.
(E) Mean peak current responses (±SEM) to ACh, nicotine, levamisole, and GABA. For ACh, wt: n = 10, cam-1(ak37): n = 13, rescue: n = 10.
* denotes significance of p < 0.01 from wild-type and rescue. For nicotine, wt: n = 4, cam-1(ak37): n = 3. * indicates significance of p < 0.05.
For levamisole, wt: n = 4, cam-1(ak37): n = 3. For GABA, wt: n = 5, cam-1(ak37): n = 6.
(F) Current responses of acr-16(ok789) mutants or cam-1(ak37);acr-16 double mutants to pressure application of ACh, nicotine, or levamisole.
All drugs were used at a concentration of 100 M.in average event amplitude appeared to arise predomi- a
Anantly as a consequence of a selective reduction in the
number of large-amplitude (>100 pA) synaptic events n
n(Figures 5B4 and 5C4). We confirmed that GABA-medi-
ated spontaneous activity was not measured under our s
iconditions, by observing similar effects on event ampli-
tude in double mutants with the unc-49(e382) mutation p
3(data not shown), which renders GABA receptors non-
functional (Bamber et al., 1999). w
In contrast to the reduction in the amplitude of syn-
aptic events in cam-1 mutants, we did not observe a n
(significant reduction in the frequency of these events
across a variety of ionic conditions and genetic back- c
tgrounds. Specifically, under conditions in which both
cationic (ACh-mediated) and anionic (GABA-mediated) w
oendogenous synaptic events could be measured, we
did not detect a difference in synaptic event frequency s
a(wt, 32 ± 6/s; cam-1, 32 ± 9/s). Under conditions in
which solely ACh-mediated synaptic activity was de- e
stected, the average event frequency in wild-type worms
was reduced to 20 ± 4/s; however, we did not observe a o
asignificant difference in event frequency between wild-
type worms and cam-1 mutants (17 ± 5/s). Likewise, we T
bwere unable to detect a significant effect of the cam-1
mutation on event frequency in the unc-49(e382) mu- U
etant background (unc-49, 27 ± 13/s; cam-1;unc-49,
28 ± 6/s). Thus, under basal conditions of low synaptic s
nrelease probability, cholinergic synaptic release—as
measured by the frequency of endogenous synapticctivity—appeared grossly normal in cam-1 mutants.
dditionally, we used curare to block all cholinergic
eurotransmission and found that neither the frequency
or the amplitude of GABA-dependent endogenous
ynaptic events (115 mM Cl–, 1 mM Ca2+) was dimin-
shed in cam-1 mutants (20 ± 8/s; 36 ± 0.3 pA) com-
ared to wild-type worms treated with curare (13 ± 4/s;
1 ± 0.3 pA), indicating that GABA neurotransmission
as not dependent on CAM-1.
As noted previously, the large, rapid component of
erve-evoked current was absent in acr-16 mutants
Figure 2). We tested whether this same nerve-evoked
omponent was missing in cam-1 mutants. Compared
o nerve-evoked currents of approximately 1400 pA in
ild-type worms (Figures 6A and 6B), only about 25%
f the current remained in cam-1 mutants. Moreover,
imilar small currents were observed in acr-16 mutants
nd cam-1;acr-16 double mutants. However, the
voked responses recorded from cam-1(ak37) mutants
howed altered kinetics compared to wild-type worms
r acr-16 mutants, suggesting that cam-1 mutants may
lso have a minor presynaptic defect (Figure 6A, inset).
hese electrophysiological defects could be rescued
y transgenic expression of CAM-1::GFP (Figure 6A).
nder our ionic conditions, the decreases in nerve-
voked responses observed in these experiments
trongly suggest that ACR-16-mediated cholinergic
eurotransmission is impaired in cam-1 mutants.
If the decreased amplitude of nerve-evoked currents
RTK Regulation of Nicotinic Currents at the NMJ
587Figure 5. Electrophysiological Analysis of Endogenous Synaptic Currents in cam-1(ak37) Mutants
(A) Endogenous NMJ activity at various [Cl−i] in the presence and absence of curare. Upper, wild-type endogenous synaptic activity (115 mM
intracellular Cl−) in the absence (top) and presence (bottom) of d-tubocurarine (curare, 0.5 mM). Lower, wild-type endogenous synaptic
activity (25 mM intracellular Cl−) in the absence (top) and presence (middle) of curare. Endogenous activity after washout of curare is also
shown (bottom).
(B1) Endogenous synaptic activity in wild-type worms, cam-1 mutants, and acr-16 mutants in 1 mM Ca2+.
(B2–B4) The average event amplitude (±SEM) (B2), the distribution of event amplitudes (10–100 pA) (B3), and the relative fraction of large
events (>100 pA) (B4) are shown. For wt: n = 19,626 events, N = 17; cam-1(ak37): n = 11,193 events, N = 15; acr-16(ok789): n = 1,976 events,
N = 6. * indicates significance of p < 0.0001.
(C1) Synaptic activity in wild-type worms (upper) and cam-1 mutants (lower) in 0 mM Ca2+.
(C2–C4) The average event amplitude (±SEM) (C2), the distribution of event amplitudes (10–100 pA) (C3), and the relative fraction of large
events (>100 pA) (C4) are shown. For wt: n = 791 events, N = 4; cam-1(ak37): n = 601 events, N = 3. * indicates significance of p < 0.0001.in cam-1 mutants resulted from a selective disruption
of ACR-16-mediated current, then evoked currents
measured in the presence of the ACR-16-specific an-
tagonist DHβE should be the same in cam-1 mutants
and wild-type worms. In wild-type worms, application
of DHβE (5 M) caused a dramatic and reversible re-
duction in nerve-evoked peak current amplitude (Fig-
ures 6C and 6D), confirming that the majority of the fast
component of nerve-evoked current is mediated by
ACR-16. In agreement with this finding, the size of the
DHβE-resistant component of nerve-evoked current did
not differ substantially between cam-1 mutants (130 ±
34 pA) and wild-type worms (164 ± 33 pA, p = 0.51),
indicating that the small nerve-evoked current in
cam-1 mutants was a consequence of the greatly di-
minished contribution of ACR-16-mediated synaptic
current. To directly evaluate whether ACR-16 receptors
were correctly localized to neuromuscular synapses in
cam-1 mutants, we analyzed the localization of ACR-
16::GFP in single muscle arms. Compared to wild-type,
where ACR-16::GFP was localized to discrete puncta atthe tips of the muscle arms (4.2 ± 0.7/muscle arm, n =
13), in cam-1 mutants the number of puncta was dra-
matically increased (10.7 ± 1.4/muscle arm, n = 12, p <
0.01) and the distribution changed, so that accumula-
tion of puncta could be visualized in proximal regions
of the muscle arm (Figure 6E). One interpretation of
these data is that the delivery or stabilization of ACR-
16 is disrupted in cam-1 mutants.
CAM-1 Activity Does Not Require
the Kinase Domain
Our genetic analysis of cam-1 revealed that ACh-gated
currents were far more disrupted in a cam-1 null mutant
than in a mutant in which only the kinase domain had
been deleted. To further test the importance of specific
domains for CAM-1 function, we created a series of
truncated cam-1 genes—each encoding CAM-1 protein
lacking part of the C-terminal sequence—fused to the
GFP coding sequence (Figure 7A). We then tested the
ability of these transgenes to rescue the behavioral and
synaptic deficits of cam-1 mutants. Interestingly, trans-
Neuron
588Figure 6. Electrophysiological Analysis of
Nerve-Evoked Currents in cam-1(ak37) Mu-
tants
(A) Nerve-evoked current responses in wild-
type worms, cam-1(ak37) mutants, acr-
16(ok789) mutants, and cam-1(ak37);acr-
16(ok789) double mutants. Rescue refers to
transgenic cam-1(ak37) mutants that ex-
pressed full-length CAM-1::GFP. A stimulus
artifact precedes each current response. (In-
sets) Initial 30 ms of the nerve-evoked cur-
rent in acr-16 single mutants and cam-1;
acr-16 double mutants. Note the altered re-
sponse kinetics of the cam-1(ak37) mutants.
(B) The average peak amplitude (±SEM) of
nerve-evoked responses. For wt: n = 13;
cam-1(ak37): n = 10; rescue: n = 14; acr-
16(ok789): n = 5; cam-1(ak37);acr-16(ok789):
n = 4. * denotes significance of p < 0.001
from wild-type and p < 0.05 from rescue.
(C) Nerve-evoked current responses in wild-
type and cam-1(ak37) mutants in the pres-
ence and absence of the cholinergic antago-
nist DHβE (5 M).
(D) The average peak amplitude (±SEM) of
nerve-evoked responses. For wt: +DHβE
n = 8, –DHβE (control) n = 4; cam-1(ak37):
+DHβE n = 5, −DHβE (control) n = 4.
(E) Fluorescent images of single muscle
arms from transgenic cam-1;acr-16 double
mutants (bottom) and acr-16 single mutants
(top) that expressed Pmyo-3::ACR-16::GFP.
The muscle cell body is located at the bot-
tom, and ventral nerve cord is oriented to-
ward the top of each image. Note the num-
ber and distribution of fluorescent puncta.genic expression of CAM-1346, which lacks the pre- T
Idicted tyrosine kinase and serine/threonine-rich do-
mains of CAM-1, significantly improved the locomotory S
pdefects of cam-1 mutants (Figure 7A and data not
shown), confirming that the kinase domain is not of pri- s
rmary importance for this aspect of CAM-1 function.
Juxtamembrane phosphotyrosine residues are in- 1
ivolved in MuSK function (Herbst et al., 2002; Herbst
and Burden, 2000). We tested whether the CAM-1 jux- p
dtamembrane region was required for rescue of cam-1
mutants. CAM-1417 removed the entire CAM-1 intra- c
tcellular domain (including all four intracellular tyrosine
residues), leaving only 12 amino acids immediately V
uC-terminal of the TM domain. Transgenic expression of
CAM-1417 was also sufficient for the behavioral res- d
bcue of cam-1 mutants (Figure 7A and data not shown).
In addition, transgenic cam-1 mutants expressing t
tCAM-1417 displayed normal postsynaptic responses
to exogenous ACh application (Figure 7B). These re- e
asults suggest that the ectodomain of CAM-1 is critical
for its function. CAM-1463 lacks the TM domain as 1
twell as all intracellular domains and is presumably a
secreted form of the CAM-1 ectodomain. In contrast n
wto CAM-1346 and CAM-1417, expression of CAM-
1463 did not rescue the locomotory defects of cam-1 f
vmutants (data not shown). Notably, we did detect GFP
fluorescence, indicating that CAM-1463 was ex- c
cpressed. These results argue that membrane localiza-
tion of CAM-1 is essential for its function at neuromus- m
pcular synapses.he Distribution of Presynaptic Markers
s Altered in cam-1 Mutants
everal observations indicate that CAM-1 may have a
resynaptic role in addition to its function at the post-
ynaptic membrane. The kinetics of the nerve-evoked
esponse were slower in cam-1 mutants than in acr-
6 mutants, suggesting that synaptic release may be
mpaired. In addition, acr-16 mutants did not have ap-
reciable movement defects compared to the uncoor-
inated locomotion of cam-1 mutants. To determine if
am-1 affected presynaptic release sites, we examined
he distribution of synaptic vesicles in either cholinergic
A motor neurons or GABAergic VD motor neurons
sing the unc-4 and unc-47 promoters, respectively, to
rive the expression of the vesicular protein synapto-
revin fused to GFP (SNB-1::GFP). In wild-type animals
hat expressed SNB-1::GFP, fluorescent puncta along
he length of the ventral nerve cord were readily appar-
nt (Figures 8A1 and 8A2). These puncta identify syn-
ptic vesicles localized to presynaptic sites (Nonet,
999). However, in cam-1 mutants, we observed that
he distribution of SNB-1::GFP in cholinergic VA motor
eurons was more variable, ranging from puncta that
ere slightly elongated compared to wild-type to dif-
use fluorescence distributed along the length of the
entral cord (Figure 8A1). These defects could be res-
ued by transgenic expression of full-length CAM-1 in
am-1 mutants and appeared specific for cholinergic
otor neurons, because SNB-1::GFP appeared appro-
riately punctate in GABAergic neurons (Figure 8A2).
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fects of cam-1(ak37) Mutants Is Dependent on the CAM-1 Extracel-
lular and Transmembrane Domains
(A) The series of deletion constructs employed in the rescue experi-
ments (see Experimental Procedures). Abbreviations are as defined
in Figure S4. Behavioral rescue refers to improvement of movement
as measured by velocity and turning behavior and is indicated by
+ or − for each of the respective constructs.
(B) Upper, ACh-gated (100 M) current records in wild-type, cam-
1(ak37), and transgenic cam-1(ak37) mutants expressing CAM-
1417 (rescue). Lower, average peak responses (±SEM) are shown.
wt: n = 4, cam-1(ak37): n = 4, cam-1(ak37);CAM-1417: n = 5. *
indicates significance of p < 0.01 from wild-type and p < 0.05 from
CAM-1417 rescue.Figure 8. The Distribution of the Presynaptic Markers SNB-1 and
SYD-2 Are Altered in Cholinergic Motor Neurons of cam-1 Mutants
(A) Confocal images of the ventral nerve cords of wild-type worms
and cam-1 mutants that expressed either the presynaptic marker
Punc-4::SNB-1::GFP (A1) or Punc-47::SNB-1::GFP (A2). Transgenic
expression of full-length CAM-1 in cam-1 mutants restored the
Punc4::SNB-1::GFP fluorescence ([A1], bottom). Scale bar indi-
cates 5 m. (A3) Images of the ventral nerve cords of wild-type
worms (upper) and cam-1 mutants (lower) that expressed the pre-
synaptic marker Pacr-2::SYD-2::RFP. Scale bar indicates 10 m.
(B) Images of ACh motor neuron cell bodies in wild-type (B1) and
cam-1(ak37) (B2) L1 worms that expressed Punc-4::GFP. The
worms are coiled, and the heads marked by arrows. Punc-4::GFP
expression is limited to nine DA motor neurons, three SAB neurons,
and the I5 pharyngeal neuron in L1 worms (Miller and Niemeyer,
1995). ACh motor neuron cell bodies (asterisks) appeared appropri-
ately positioned in cam-1 mutants. DA8 and DA9 are superim-
posed.The altered distribution of cholinergic SNB-1::GFP
did not result from mislocalization of motor neuron cell
bodies, because unc-4::GFP fluorescence (labeling
cholinergic motor neuron cell bodies) was not altered
in cam-1 mutants (Figures 8B1 and 8B2). It is also un-
likely that the observed alterations in SNB-1::GFP arose
as a consequence of nonspecific effects on axon out-
growth in interneurons (e.g., command interneurons),
because SNB-1::GFP localization appeared normal in
transgenic worms that expressed the glr-1::ICE trans-
gene (data not shown). This transgene produces apo-
ptotic cell death in GLR-1-expressing command inter-
neurons (Zheng et al., 1999). We also tested whether
the presynaptic marker SYD-2 was correctly localized
in cam-1 mutants. We used the acr-2 promoter to drive
expression of SYD-2::RFP in cholinergic motor neu-
rons. Interestingly, SYD-2 was mislocalized in a manner
that was qualitatively similar to SNB-1 mislocalization
(Figure 8A3).
Diffuse SNB-1::GFP could result from either alter-
ations in the distribution of synaptic vesicles them-
selves or accumulation of SNB-1 in the cell membrane
(for example, as a consequence of defects in synaptic
vesicle recycling). To distinguish between these possi-
bilities, we used electron microscopy to quantify syn-
aptic vesicle numbers at defined distances from
morphologically identified cholinergic and GABAergic
neuromuscular synapses (Figure 9). In wild-type worms,
at either cholinergic (Figures 9B and 9F) or GABAergic
synapses (Figures 9D and 9H), synaptic vesicles are
abundant near the active zone and decrease in numberwith increasing distance from the midpoint of the active
zone (Crump et al., 2001; Nonet et al., 1997). For
cam-1 mutants, at cholinergic (Figures 9A and 9E), but
not GABAergic synapses (Figures 9C and 9G), we ob-
served an increase in synaptic vesicle number as well
as an altered distribution. Specifically, while the number
of cholinergic active zones and the gross morphology
of cholinergic synapses in cam-1(ak37) worms ap-
peared comparable to wild-type, vesicle abundance
was increased and did not decrease substantially as a
function of distance from the active zone (Figure 9I).
In contrast, this decrease was observed in GABAergic
synapses from both wild-type worms and cam-1 mu-
tants (Figure 9J). Thus, mutation of the cam-1 gene
caused a mislocalization of synaptic vesicles to non-
synaptic sites in cholinergic motor neurons.
Neuron
590Figure 9. The Distribution of Synaptic Vesi-
cles Is Altered in cam-1(ak37) Mutants
Electron micrographs of cholinergic and
GABAergic neuromuscular synapses. (A–D)
Electron micrographs of the midsynaptic re-
gions of cholinergic (A and B) and GABA-
ergic (C and D) neuromuscular synapses of
cam-1(ak37) mutants (A and C) and wild-
type worms (B and D). Red arrows indicate
the active zones. (E–H) Electron micrographs
of sites 500 nm removed from the active
zones of cholinergic (E and F) and GABAer-
gic (G and H) neuromuscular synapses of
cam-1(ak37) mutants (E and G); wild-type
worms (F and H). (I and J) The average num-
ber of synaptic vesicles (±SD) counted 0–500
nm from the active zones of GABA and ACh
motor neurons in cam-1 mutants and wild-
type worms. Vesicle number in each suc-
ceeding 50–60 nm section from mid-active
zone were counted. The distribution of cho-
linergic vesicles in cam-1 mutants was sig-
nificantly different than the distribution of
cholinergic vesicles in wild-type worms (p <
0.0001 by ANOVA with Fisher’s PLSD),
whereas no significant differences were
noted in the distribution of GABAergic vesi-
cles. For ACh motor neurons, four wild-type
and five cam-1(ak37) synapses were exam-
ined. For GABA motor neurons, three wild-
type and four cam-1(ak37) synapses were
examined. Scale bar, 250 nm.Discussion M
A
oHow distinct synapses are organized and segregated
remains a central question of synaptic neurobiology. w
1Most cells in the nervous system receive multiple syn-
aptic inputs, often utilizing different neurotransmitters
sand postsynaptic receptors. In this respect, the C. ele-
gans NMJ has features in common with the synapses a
tof polyinnervated neurons. Thus, GABA receptors and
at least two classes of postsynaptic AChRs, those pref- f
Ierentially gated by nicotine or levamisole, are found at
the NMJ. We have shown that the majority of fast cho- s
tlinergic current is dependent on ACR-16 receptors. Fur-
thermore, we have shown that nicotine-activated cur- g
mrents and the localization of ACR-16 are dependent on
the RTK CAM-1. In contrast, levamisole-gated and r
iGABA-gated currents and the localization of the corre-
sponding receptors are unaffected in cam-1 mutants, G
hindicating that CAM-1 does not have a general role in
protein trafficking or localization, but rather, a specific a
role in the localization or stability of ACR-16 receptors.
Electrophysiological analysis revealed that CAM-1 t
tand ACR-16 contributed to drug-evoked and nerve-
evoked ACh responses. We also observed a reduction t
sin the frequency of large-amplitude endogenous synap-
tic events in cam-1 and acr-16 mutants, indicating that m
rthese events are preferentially mediated by ACR-16.utation of the cam-1 gene did not completely abolish
CR-16-mediated current, since nicotine was capable
f eliciting small current responses in cam-1 mutants,
hereas no significant current could be elicited in acr-
6 mutants.
ACR-16 has greatest sequence identity with the α7
ubtype of vertebrate nAChRs. These receptors are rel-
tively abundant in the central nervous system, but lit-
le is known about the molecular machinery required
or the establishment of neuronal cholinergic synapses.
n the peripheral nervous system (PNS), nAChRs are
egregated to specific regions of synapses. Thus, mul-
iple classes of nAChRs (including α7 receptors) and
lycine receptors are localized to separate microdo-
ains in individual synapses on ciliary ganglion neu-
ons (Tsen et al., 2000), but the mechanism for cluster-
ng and localization of these nAChRs remains unclear.
iven these similarities in synaptic organization, per-
aps the localization of α7 receptors at vertebrate syn-
pses also involves a CAM-1-like RTK.
We showed that CAM-1 and ACR-16 were localized
o the distal tips of muscle arms where they make con-
act with the ventral nerve cord, consistent with poten-
ial CAM-1 regulation of ACR-16 receptors. We ob-
erved an increase in ACR-16::GFP puncta in cam-1
utants, and the distribution of puncta was no longer
estricted to discrete areas at the tips of muscle arms.
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rents in cam-1 mutants, the additional ACR-16::GFP
puncta represent either subsurface receptor aggre-
gates or surface clusters of nonfunctional receptors.
For two reasons, we do not believe that CAM-1 has a
major role in the gating of ACR-16 receptors: (1) the
time course of the residual nicotine-gated current in
cam-1 mutants is not obviously altered compared to
wild-type responses to nicotine, and (2) ACh-gated cur-
rents can be recorded from Xenopus oocytes that ex-
press ACR-16 receptors (Ballivet et al., 1996). Because
ACR-16 receptors are competent for gating in the ab-
sence of CAM-1, we consider it most likely that the ad-
ditional puncta present in cam-1 mutants reflects accu-
mulation of subsurface ACR-16 receptors.
We also noted significant changes in the distribution
of presynaptic markers in cam-1 mutants. Given the se-
verity of the presynaptic defects detected by fluores-
cence microscopy and EM, the synaptic release de-
fects measured by electrophysiology were surprisingly
mild. This suggests that the synaptic release machinery
is intact and that the process of vesicular release func-
tions adequately in the absence of CAM-1. However,
we did note an alteration in the time course of evoked
responses in cam-1 mutants, indicative of altered neu-
rotransmitter release. Under our recording conditions,
evoked release reflects maximal release probability.
Thus, the altered time course in cam-1 mutants may
reflect deficits in neurotransmitter release that occur
during periods of maximal synaptic activity. It is unclear
whether the presynaptic morphological changes are
secondary to alterations in the post synaptic receptor
field or represent an additional requirement for CAM-1
in regulating presynaptic organization. One possibility
is that presynaptic terminals fail to properly mature in
the absence of muscle-derived CAM-1. Support for this
notion comes from studies of the dependence of pre-
synaptic maturation on MuSK and rapsyn at the verte-
brate neuromuscular junction (Nguyen et al., 2000).
CAM-1 is a member of the Ror receptor tyrosine ki-
nase family. While the function of Ror RTKs in the verte-
brate nervous system remains unknown, other closely
related RTK classes have been implicated in various
aspects of synaptic development and function. How-
ever, CAM-1 does not appear to be functioning as a
conventional RTK. We have shown that normal ACh-
gated currents are present in mutants that lack kinase
function or even the kinase domain. The ectodomain
of CAM-1 contains several protein-protein interaction
domains, including a cysteine-rich (CR) domain, an im-
munoglobulin-like Ig domain, and a kringle domain.
While the functional significance of the kringle domain
is unknown, Ig domain proteins are common partners
in signaling networks within the nervous system, and
the CR domain appears important for cell migration
(Kim and Forrester, 2003). The observation that the
CAM-1 ectodomain is sufficient for rescue of postsyn-
aptic currents coupled with the altered distributions of
ACR-16::GFP and presynaptic markers in cam-1 mu-
tants leads us to hypothesize that the extracellular do-
main of CAM-1 plays a critical scaffolding role in the
maintenance or stabilization of postsynaptic nicotinic
receptors and presynaptic cholinergic release sites. For
polyinnervated cells, the presence of regulatory pro-teins such as CAM-1 may provide a general mechanism
for independent control of functionally distinct syn-
apses.
Because CAM-1 is expressed at both sides of the
synapse, it is attractive to think that pre- and postsyn-
aptic CAM-1 have either homophilic interactions, or in-
teract by binding to linking proteins, and that these pro-
tein interactions help establish the precise alignment of
presynaptic release sites and postsynaptic receptors.
In one model, coordinated pre- and postsynaptic CAM-1
expression may be required for the development of the
cholinergic synapse. Alternatively, CAM-1 may function
cell-autonomously in muscles to maintain or localize
postsynaptic nicotinic receptors and in neurons to limit
the size of the presynaptic active zone. In this second
model, pre- and postsynaptic defects may occur inde-
pendently. In the future, combining genetic mosaic
analysis with electrophysiological analysis could pro-




A deletion mutation in the cam-1 gene was generated as previously
described (Maricq et al., 1995). The cam-1(ak37) deletion mutant
was then outcrossed seven times to the wild-type N2 Bristol strain.
Throughout the text, cam-1 mutant refers to cam-1(ak37), if not
otherwise specified.
CAM-1::GFP Fusions
Full-length fusions of GFP or YFP with CAM-1 were constructed
by introducing the GFP coding sequence into the cam-1 genomic
sequence in-frame immediately before the native stop codon to
generate pDM109 (CAM-1::GFP) or pDM571 (CAM-1::YFP). Fusions
of GFP with truncated forms of CAM-1 were generated by introduc-
tion of the GFP coding sequence immediately after an engineered
AgeI restriction site to generate pDM108 (CAM-1346), pSP50
(CAM-1417), and pSP54 (CAM-1463). Each construct includes 5
kb of upstream promoter sequence and all native intron sequences.
Synaptic GFP Markers
The Punc-29::UNC-29::GFP construct (pDM100) was generated by
amplifying the unc-29 promoter and coding regions (Fleming et al.,
1997) and subcloning into the SalI and XmaI sites of pPD114.108.
The Punc-4::GFP construct (pDM371) was generated by amplifying
the unc-4 promoter (Miller et al., 1992) and subcloning it directly
into pPD95.77. Pacr-2::SYD-2::RFP (pDM624) was generated by
amplifying the syd-2 coding regions (Yeh et al., 2005; Zhen and Jin,
1999) from genomic DNA and cloning into a vector encoding dsRed
tdimer(12) (Campbell et al., 2002) and the acr-2 promoter (Lackner
et al., 1999). Pacr-16::GFP (pDM845) was generated by cloning ap-
proximately 3.0 kb of sequence upstream of the acr-16 gene into
pPD117.01. The Pmyo-3::ACR-16 cDNA construct (pDM867) was
generated by amplifying the acr-16 cDNA sequence from C.elegans
first strand cDNA and cloning the product into pPD95.86. The
Pmyo-3::ACR-16::GFP construct (pDM906) was generated by clon-
ing acr-16 cDNA into pPD117.01. The acr-16::GFP fragment was
then cloned into pPD95.86. The following were generous gifts from
colleagues: Punc-49::UNC-49B::GFP line (EG1751), Bruce Bamber;
pPDxx.xx vectors, Andrew Fire; Punc-47::SNB-1::GFP (pJL35), Erik
Jorgensen; Pacr-2::SNB-1::CFP (KP282), Josh Kaplan; Punc-
4::SNB-1::GFP strain (NC571), David Miller. Where appropriate,
strains carrying GFP markers were crossed into cam-1(ak37) or
other cam-1 alleles.
C. elegans Strains
Nematodes were raised at 20°C under standard laboratory condi-
tions on agar plates cultured with Escherichia coli (OP50). Wild-
type nematodes were C. elegans strain N2. Transgenic strains were
generated by germline transformation using standard microinjec-
tion techniques (Mello et al., 1991). In all cases, lin-15(n765ts) mu-
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ing/l) along with one or more of the following plasmids: pDM100,
pDM108, pDM109, pDM299, pDM371, pDM571, pDM624, pDM845, r
spDM867, pDM906, pSP10, pSP50, pSP54, pSP74, KP282, or pTG96
(each at 60 ng/l, unless otherwise noted). Multiple independent I
extragenic lines were generated for each transgenic strain. For
cam-1(ak37) rescue experiments, transgenic worms expressing the
cam-1 rescuing array were crossed into cam-1(ak37);lin-15(n765ts). S
acr-16(ok789) mutants (RB918) were obtained from the Caenorhab- T
ditis Genetics Center. w
Microscopy
AConfocal images were obtained on a Zeiss LSM 510 Confocal Im-
aging System. All other fluorescent images were obtained on an
WAxioskop microscope using either a MicroMax or Coolsnap HQ
m(Roper) camera and OpenLab or MetaView software. Adult nema-
ctodes were processed for transmission electron microscopy as
Cpreviously described (Richmond et al., 1999). Over 600 serial sec-
stions were cut at w50 nm, collected, and examined on a Hitachi
tH-71000 electron microscope equipped with a Gatan slow scan
wdigital camera. Neurons were identified by the order of the cell bod-
ties along the ventral nerve cord and by the morphologies of their
9synapses (Jin et al., 1999). Cholinergic neurons were identified by
Dtheir cell body polarization and dorsal location of the active zone.
PGABAergic neurons were identified by a nonpolarized morphomet-
ery and a central active zone location along the cell membrane.
Furthermore, cholinergic neurons form dyadic synaptic connec- R
tions to other neurons and muscle arms, while GABAergic neurons R
only form synaptic connections with muscle arms (Harris et al., A
2000). Three wild-type worms and four cam-1 mutant worms were P
used in the analysis. Statistical comparisons were made by ANOVA
with Fisher’s PLSD using Statview software (SAS Institute, Inc.). R
Behavioral Assays B
For thrashing assays (Miller et al., 1996), worms were placed in 20 t
l of ECF at room temperature and allowed to equilibrate for 30 s g
prior to a 90 s observation period during which thrashes were B
counted. RNAi was achieved by feeding as previously described T
(Kamath et al., 2003). u
5
Electrophysiology B
All recordings were obtained from the body wall muscles of adult (
worms. For electrophysiology experiments, the nmr-1::GFP trans- n
gene (14X outcross; akIs3) was present in all strains. nmr-1::GFP is t
highly expressed in the ventral nerve cord (Brockie et al., 2001),
Cfacilitating pipette placement for evoked release experiments. The
Zworm preparation was similar to that previously described (Rich-
cmond and Jorgensen, 1999). Briefly, histoacryl glue was applied to
Cthe dorsal aspect of worms on glass coverslips coated with sylg-
Nard. A lateral incision was made along the length of the body, the
Hflap of cuticle was glued down, and the intestine and gonad were
removed. The preparation was then washed briefly (w30 s) with a C
solution of 1 mg/mL collagenase (Sigma Type IV) in extracellular S
fluid (ECF). ECF consisted of 150 mM NaCl, 5 mM KCl, 4 mM t
MgCl2, 1 mM CaCl2, 15 mM HEPES, and 10 mM glucose (pH 7.4, C
osmolarity adjusted with 20 mM sucrose). For Ca2+-free recordings, S
Ca2+ was substituted with 0.5 mM EGTA. A HEKA EPC-9 patch- d
clamp amplifier was used for whole-cell voltage-clamp recordings a
from muscle cells. Recording pipettes were fire polished to a resis- 4
tance of 3–6 MΩ and filled with an intracellular solution consisting
D
of 115 mM K-gluconate, 25 mM KCl, 0.1 mM CaCl2, 50 mM HEPES, N
5 mM Mg-ATP, 0.5 mM Na-GTP, 0.5 mM cGMP, 0.5 mM cAMP, and
N
1 mM BAPTA (pH 7.4, osmolarity adjusted with 10 mM sucrose),
1
unless otherwise noted. For experiments measuring anionic synap-
Dtic currents (GABA-mediated), the intracellular solution contained
P115 mM KCl and 25 mM K-gluconate. For experiments measuring
Pendogenous synaptic activity, at least 60–90 s of continuous data
qwere used in the analysis. For nerve-evoked recordings, a 1 ms
5depolarizing stimulus (10–40 V) was applied to the ventral nerve
cord using an isolated pulse stimulator (A-M Systems Model 2100). D
kFor drug-evoked responses, drugs were applied for a period of 250
ms using pressure application. For all recordings, series resistance e
awas compensated 60%, and only recordings in which the seriesesistance was stable throughout the course of the recording were
ncluded. Data analysis was performed using Igor Pro (WaveMet-
ics, Inc.) and Mini Analysis (Synaptosoft, Inc.). Statistical compari-
ons were made by Student’s t test using Statview software (SAS
nstitute Inc.).
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